As we enter 21st century, technical advances are dramatically influencing the world of fibers, fabrics and textiles. Today, technology can provide us with fabrics that imitate and actually improve upon nature's best fibers. In the next millennium, textiles will not just be an extension or simple alternatives to natural or synthetic fibers, but will provide superior functionality in broad and emerging sectors of the economy from space to super conductivity and agriculture to geotextile. This will be accomplished through modern business strategies for enhanced stakeholder value and highly efficient production schemes with no adverse impact on the environment and development of precisely specified molecules for new textile platforms.
Introduction
We are living in a world in which technology is advancing at such an astonishing rate that most of us have difficulty comprehending the overall impact it has, and will continue to have, on our lives. Cloning of adult mammals, World Wide Web, smart materials, high-speed processors and wonder drugs continue to dazzle us almost on a daily basis. The textile industry has kept pace and technology today can provide fabrics that go well beyond the best that nature has to offer. It is, indeed, a narrow view to think of textiles as a fixed discipline of making "strings." It is much more diverse than that and most importantly, it is in a state of flux in response to changing needs of society and new innovations. The inherent characteristics of new textiles underpin the functional and aesthetic qualities of these many and varied applications from the world of fashion to agriculture, medical, aerospace, reinforced composites and architecture. There has been rapid growth in polymer, material, information and biological sciences. The advance, in these adjacent sciences and their inevitable interface, will catalyze the reconceptualization of tomorrow's textiles. This concept of interdisciplinary research, development and product innovations will lead to new textile platforms for the next millennium.
Looking back on the history of fibers, you will find that most natural fibers originated in Asia. Cotton and silk are native to China and India, while wool was first put to practical use in Central Asia. It is widely known that the Silk Road was opened by the strong desire of Western peoples to acquire silk products originating in China Meanwhile, the history of man-made fibers began with the invention of rayon in the late 19th century. 
GLOBAL GROWTH OF MAN-MADE FIBERS OVER THIS CENTURY
Following the invention of nylon in 1935 by Wallace Hume Carothers at DuPont, acrylic and polyester fibers were developed [1] , leading to increased research activities for a variety of new materials comprised mainly of these three major synthetic fibers. New fiber-making technologies suitable for the new materials were invented. New high-performance fibers including, among others, carbon and aramid fibers, are also beginning to mature. Thirty-five years after the invention of nylon, world-wide synthetic fibers surpassed man-made cellulose. Today, synthetic fibers have surpassed natural fiber production ( Figure 1 ).
Trends and Current Concerns
Over the last 60 years the textile business has enjoyed rapid growth in synthetic fibers, fueled largely by seminal discoveries in polymer and fiber science. Fiber and textile manufacturing facilities also have undergone enormous improvements in automation and simplification where large volume fiber production facilities today may require only tens (instead of hundreds) of personnel for their operation. Fibers that have ease of care and natural-like aesthetics have been major themes in recent decades, with high performance and specialty fibers taking on particular significance. Fiber and fabric tests, critical to product quality have relied largely on destructive, off-line methods. Advances in testing and quality control promise to have a major impact on first pass product yields and product quality.
DuPont pioneered the fiber revolution of the 20th century ( Figure 2 ). Looking to the next millennium, the textile industry stands in stark contrast to its preeminent position of just 20 years ago. Many of the synthetic fiber products that once fueled the rapid growth of the industry have become mature commodity products now characterized by low growth and lower profit margins. Intense global cost pressures, higher consumer expectations, a highly diverse customer base and reduced R&D spending have all contributed to the current state of affairs. The challenge for the future is to revitalize the industry -a fiber renaissance -through technological innovations in products and manufacturing and to reevaluate business practices in a global context.
Ecological Factors
The delicate balance that exists in the planet's ecosystem is well understood around the world and grassroots organizations exist in most countries for its preservation. There is also increased awareness of the harmful environmental effects of most manufacturing processes. If textile industry is to survive, it too must take a Fiberglass Surface leading role in "environmentalism." Indeed, companies researching new textiles are making ecology a primary concern. Some, in fact, will not develop new products unless they can be made safely and without deleterious impact to the environment. The companies are fully aware of the fact that world's resources will soon be depleted unless major changes are implemented in manufacturing systems. All steps of the textile processing value chain from raw material conversion to fabric disposal must be environmentally friendly. We must close the recycling loop (polymer, fiber, product to landfill) for all polymers with no material ever entering the landfill.
Processes of the Future
Commodity fibers technology is generally mature and broadly available to investors. Hence, competitive advantages in process technology around the world are shrinking fast. The progress in process technology for the future will mainly be driven by the following factors: Knowledge intensity q Highly competitive market with resultant ultra-high quality products and productivity The last decade in the textile sector has seen major reduction in cost and productivity improvement. This is due to innovations in processing technologies of automation, increased spinning speed, production capacity and process simplification. The production cost variance of fiber manufacturers is governed by two factors:
(1) investment cost per ton of fiber dictated by economy of scale and (2) price advantage of basic feedstock. The investment cost for new plants are determined by raw material conversion cost (size of reactor), operating speeds of spinning, drawing and texturing, and quench technology to obtain the desired fiber morphology.
Future fiber manufacturing technology must also accommodate mass customization in the market place. Hence, a system of specialized product variants for small-lot production will provide high value-added products to the consumer. The challenge for the future will be the development of efficient small-scale production technology for such products. The route to new polymer platforms will most likely emerge from biological synthesis of polymeric materials for the precise synthesis of modular building blocks for polymeric materials. The need for exquisite tailoring and uniformity of macromolar structure has never been greater. Macromolecular synthesis of polymers by biological route will take on increasing importance and traditional chemicals will be made through biotechnology. It is no longer necessary to start with a barrel of oil to produce chemicals. Corn, beets, rice -even potatoes -make great feedstocks. Yeast, grain and water can be used to make a fine quality ale, or for that matter, other molecules. Comfortable, easy-care apparel may soon be made with fibers spun from chemicals that have been fermented from sugar. [2] DuPont is building a pilot plant that uses genetically altered microorganisms to produce basic chemicals that are not made from petroleum. Biotechnology will ferment glucose and produce intermediates that can then be used to make nylon and polyester. The process is less expensive and kinder to the environment than traditional chemical methods. Our progress is far exceeding our expectations. If the pilot goes well, the process could be commercialized in the near future.
Biotechnology
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PRECICELY SPECIFIED MOLECULES -BIOSYNTHETIC SCHEMATIC
Figure 4 UNIQUE STRESS-STRAIN PROPERTIES OF SPIDER SILK
The transformation of sugars into alcohol by microscopic organisms has been known for 4000 years. With the advent of genetic engineering, we can now harness the sophistication of biological systems to create molecules that are difficult to synthesize by traditional methods.
For example, the polymer polytrimethylene terephthalate (3GT) has enhanced properties as compared to traditional polyester (2GT). Yet the commercialization has been slow because of the high cost to make one of 3GT's intermediates. Through recombinant DNA technology, DuPont and Genecor Fiberglass Surface
Figure 5 MATERIALS REVOLUTION OF THE 21ST CENTURY
have created a single microorganism with all the enzymes to convert cornstarch to sugar into this intermediate. This breakthrough is opening the door to low-cost, environmentally sound, large-scale production of this enhanced polyester that will eventually approach the cost of traditional polyester. With two decades of research, DuPont is making an ambitious push in biotechnology that may transform DuPont and the textile industry. Today, we have two classes of materials in man-made fibers: man-made cellulosics made from natural sources such as pulped wood, cotton or vegetable materials; and true synthetics made from products of the petrochemicals and natural gas industries. Tomorrow, we will have a new class of fibers -natural synthetics made from agricultural crops -and new polymer and fibers that we have not even conceived.
The success of our initial demonstrations in creating synthetic spider silk illustrates the new materials revolution that will be ushered into the 21st century. By using recombinant DNA and learning exactly how a spider makes its silk, DuPont scientists have created synthetic spider silk as a model for a new generation of advanced materials. For spider silk, we use advanced computer simulation techniques that design a molecular model to integrate all the information available to date about the structure of this amazingly strong and elastic fiber. Synthetic genes are then designed to encode gene matching the silk proteins ( Figure 3 ). These genes are inserted into yeast and bacteria to produce the silk proteins. The protein is dissolved and then spun into biosilk fibers.
Spider silk is the most dramatic example of a sizable family of biopolymers possessing a combination of properties that synthetic materials cannot yet approach. With its lightweight, tough and elastic properties, our learnings from biosilk may improve the properties of our existing products such as Lycra® and nylon. Synthetic spider silk may help create super-performing garments of the future (Figure 4 ). More importantly, the new generation of advanced materials from spider silk and biotechnology research have the potential to transform our lives in countless ways we can scarcely imagine.
Engineered/Smart Performance Fibers
The degree to which it is possible to engineer textiles today is truly astonishing. There is an increasing need for fabrics that can combine strength, functionality, fabric handle/tactility and enhanced mill value; all of this at competitive cost. Natural fibers, which dominated textile commerce until a few years ago, can be identified as the first generation ( Figure 5 ). Synthetic fibers such as nylon, polyester and polypropylene, which were in response to improvements in natural fibers and currently dominate, are the second generation. The third generation textiles and beyond are not simply alternatives to natural or synthetic fibers but must provide superior functionality in broad emerging sectors of the economy from space to super conductivity and agriculture to geotextiles. As the interface between polymer science and biotechnology merges, textiles will evolve to adaptive technology-textiles that adapt to the environment around you. [3, 4] Today's clothing is essentially passive. With the advent of high-strength fibers, we can now aspire to approach the theoretical limit in a whole host of functionalities. The strength of existing synthetic fibers can be increased many times (Table 1) . Fiber functionality will be improved (Table 2) to yield novel applications in the future. 
Conclusion -The Emerging Paradigm
The essence of new product development in fiber science during the 20th century has followed a relatively narrow and perhaps limited route of development. Fibers are made from either condensation or addition-type polymer platforms. The fiber may have polymer modifications, contain additives or be altered on the surface. This has resulted in textiles from nylon and Dacron® which may be cationic dyeable, flame retardant and with whitener/delusterant features available in a variety of cross section and surface treatments.
The next century, however, will demonstrate the seemingly unlimited power of the synergy of diverse disciplines as borders between material science, biological science and information science blur and erode ( Figure 6 ). Today the breadth of complementary technologies is far greater. In the future fiber molecules will be designed, engineered and produced more efficiently than ever before due to advances in combinatorial chemistry, robotics, nanotechnology, bioinformatics, spectroscopy, and high-throughput screening.
We will continuously seek to express a desired property in a molecule or a material, whatever be the 
